In this study the stability of dye solar cells with different kinds of metals as the photoelectrode substrate is studied. Stainless steels, Inconel and titanium substrates were tested in order to find stable substrate options. Photovoltaic characterization, electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM) and substrate polarization measurements were used in the characterization. 
Introduction
Nanostructured dye solar cells (DSC) are easy to manufacture and they can be prepared from cheap materials. An important step in the commercialization of these cells would be the use of flexible substrates instead of conventional rigid glass substrates so that roll-to-roll mass production methods could be employed. Using a thin metal sheet as an electrode substrate is appealing since in addition to flexibility they have superior conductivity compared to transparent conducting oxide (TCO) layers used on glass and plastic substrates. Furthermore, some metal substrates endure high temperature treatments which are needed in the preparation of high quality photoelectrodes. In fact the highest efficiency of flexible DSC reported, 8.6 %, was obtained with a solar cell with the photoelectrode on metal. 1 This is even though there are additional optical losses in the cell configuration, in which metals are used as a photoelectrode substrate, since the light has to penetrate both the counter electrode and the electrolyte layer.
The problem with many metals is that they corrode in the iodine containing electrolyte. [2] [3] [4] The cheapest metal that has met the basic stability requirement i.e. survived electrolyte soaking tests is stainless steel (StS) 304. [2] [3] [4] However in our recent study, 5 we noted that there are significant stability problems when StS 304 is used as a photoelectrode substrate in complete dye solar cells: under 1 Sun illumination the cells lost about 80 % of its efficiency within few hours. The degradation was either significantly accelerated or triggered by working conditions (i.e. under illumination). 5 Interestingly enough, there were signs of neither corrosion nor contamination. 5, 6 In the tests, we tried for instance to contaminate a glass based photoelectrode with StS, but no metal contamination could be seen as there was no affect to the cell performance. 6 In addition, it was discovered that the electrolyte in these cells is 4 not apparently subject to significant changes during the degradation. 5 Thus the origin of the instability of StS 304 based photoelectrodes is still unknown.
The purpose of this study is to determine what kind of metal would be sufficiently stable to be used as such as the photoelectrode substrate. Using inherently stable materials rather than protective coatings is attractive since less processing steps are required in the manufacturing of the cells. The studied materials are different grades of stainless steel, Inconel and titanium. Electrochemical characterization of the dye solar cell with metal substrates is carried out to understand the differences in the photovoltaic performance of the cells.
Experimental Methods

Samples.
The studied metal substrates were stainless steel 304 (1.25 mm, Outokumpu Ltd.), 321 (0.05 mm, Goodfellow), 316 (1.25 mm, Outokumpu Ltd.), 316L (0.05 mm, Goodfellow), Inconel alloy 600 (0.075 mm, Goodfellow), and 2 titanium foils (thicknesses 0.03 mm and 0.13 mm, referred later in the text by their thickness). The main elemental components of the different metals are listed in Table 1. The main difference among the different stainless steel types is the use of additives such as Mo and Ti.
The difference between Inconel and StS types is the proportion of Fe and Ni: while Inconel is mainly composed of Ni and has some Fe, StS is mainly of Fe and has some Ni ( Table 1) . The other electrodes and reference glass cells are prepared on fluorine-doped tin oxide (FTO) coated glass (3 mm, Pilkington TEC-8, sheet resistance 8 Ω/sq, Hartford Glass Company, Inc.). Before use the substrates were washed with mild detergent and rinsed in tab water followed by three minutes in an ultrasonic bath first in ethanol and then in acetone.
Porous TiO2 layers were prepared by doctor blading using a commercial titania paste (Dyesol, DSL 18NR-T). The resulting TiO2 layer thickness was measured to be about 15 μm using a Dektak 6M stylus profiler (Veeco Instruments), except for the layers on Ti 0.03 substrate; in which case as the metal foil was very thin, it bended in the deposition so that there was less paste in the middle of the film. In general we noticed that metal films with thickness approximately 0.05 mm were the easiest to handle in 5 the different phases of the processing. The photoelectrodes were sintered at 450 °C for 30 minutes in Lenton EF 11/8B furnace. The treatment included also 10 minutes heating up ramp from room temperature to 450 °C and 30 minutes cooling down to 70 °C. After the heat treatment they were placed for 16 h in a dye solution consisting of 0.32 mM cis-bis(isothiocyanato)bis (2,2'-bipyridyl-4,4 '-dicarboxylato)-ruthenium(II) bis-tetrabutylammonium (Dyesol, N-719) in ethanol (99.5 wt-%).
The counter electrodes were prepared on FTO glass substrates with the thermal platinization method 7 using 10 mM tetrachloroplatinate PtCl4 (Sigma-Aldrich) dissolved in 2-propanol. The counter electrodes were thermally treated at 385 °C for 15 min.
25 μm thick Surlyn 1702 ionomer resin film (DuPont) was used as spacer. Electrolyte consisting of 0.5 M LiI, 0.05 M I2, and 0.5 M 4-tert-butylpyridine in 3-methoxypropionitrile was inserted through filling channels on the glass substrate which were then closed with a 40 μm thick Surlyn 1601 foil (DuPont) and a thin cover glass. In the long term aging tests, we used HSE-EL liquid electrolyte by Dyesol. Before use, the foils were washed with similar ultrasonic baths as the substrates. Copper tapes were employed as current collector contacts and Electrolube conductive silver paint was applied on the edge of the conductive tape and the substrate to reduce resistance. The structure of the cells was not optimized for high performance.
In addition to the complete solar cells, substrate -counter electrode (SU-CE) cells 8 were prepared to study current leakage from the different substrates. The substrates were thermally treated and dyed the same way as the actual photoelectrodes since both of these treatments affect their electrochemical properties. provided with black masks since using a mask with a slightly larger aperture size compared to the active area of the cell leads to the most reliable results according to the literature. (Table 2 ). This is mainly because the counter electrode and the bulk electrolyte are shading the photoelectrode in the metal cells. In addition due to the reversed light direction, electrons are generated on average further away from the photoelectrode substrate which may 7 decrease the collection efficiency. The losses resulted in by the reverse illumination listed above can be approximated by comparing FTO glass based cells measured in normal way and with reverse side (Table 2) and it can be seen that reverse illumination indeed is responsible for most of the difference between normally measured glass cells and metal based cells. Multiple and back reflection of light within the cell differ between metal and glass substrates which poses uncertainty to the comparison of the iSC values so that the analysis is merely qualitative.
Among the metal based cells, the highest iSC values were gained with Ti 0.13 metal foil and Inconel whereas the lowest one with StS 316L and StS 321 cells ( Table 2 ). The smaller iSC of Ti 0.03 compared to Ti 0.13 was due to a thinner TiO2 layer which was caused by problems in the deposition of the film described in the experimental section. Interestingly, the difference with the highest and the lowest iSC is more than 40 % among the different metals causing a large difference also in cell efficiencies ( Table 2 ).
The metal substrates do have a mirror effect and the reflectance of the substrate may differ causing some difference in the iSC values. However, the difference in iSC is so large that according to our calculations it cannot be explained with such an optical effect. If current leakage from the substrate to the electrolyte is significant that may affect VOC, but it should have only a minor effect on iSC. 12 Hence, the large differences in iSC and η are not likely caused by current leakage via substrate. As the degradation of the StS (304) PE cells is very rapid and affects primarily iSC and secondarily VOC, 5 it might be that the cells with low iSC are already in the initial measurements affected by the degradation.
This hypothesis is analyzed more in section 3.2.
There is some 50 mV difference also in the open-circuit voltage among the metal based cells ( Table   2 ). The highest VOC with the metal DSCs was with Ti and Inconel, which maybe related to either small current leakage from the substrate or better stability. These features are discussed more later on.
There are clear differences also in the fill factor FF ( Table 2) sheet resistance of the substrates, and charge transfer resistance between the TiO2 and the photoelectrode substrate. 13 The four first mentioned should be similar due to the similar materials and methods used in the manufacturing. The latter two ones are related to the photoelectrode substrate. The possibility that the sheet resistance of the substrate could cause differences between these metals cell can, however, be omitted since all the metals have superior conductivity compared to the other cell components. Hence, the differences in the very minor loss mechanisms lead to negligible effect on the IV curve. On the other hand, the effect of charge transfer resistance between the PE substrate and the TiO2 layer is a likely cause and it is examined with impedance spectroscopy in section 3.6.
Aging of the cells.
The solar cells were aged under 1 Sun illumination at 40 °C. All the studied stainless steel cell types degraded within few hours (Figure 1a) . The almost complete loss of iSC and the following loss in the efficiency were the main factors in the aging of the StS based cells, which were shown for StS 304 already in our previous publication. 5 The loss of VOC was not that detrimental in the StS based cells (Figure 1b) . Our previous study showed already that there were not, however, changes in the fill factor in the aging of the StS 304 type cells. 
The most rapid degradation (under 15 minutes) was seen in the case of StS 321 cells (Figure 2a) which had also the poorest initial efficiency ( Table 2) . As the degradation of the StS based cell was very fast, it is likely that those had degraded even before the initial measurements, which would explain the differences in particular in the iSC values compared to Inconel and Ti 0.03 cells. The Ti 0.13 cells suffered from leakage of the electrolyte and thus their aging performance is not discussed more in this section. The leakage occurred because Ti 0.13 foil was received as a roll and it due to its thickness did not straighten flat enough which resulted in problems in the sealing.
The Ti 0.03, Inconel and reference FTO cells were stable in the 1 day short-term testing (Figure 1 ) but also during the long term test of one month ( Figure 3 ). It is typical for iSC to slightly decrease and for VOC to increase in the beginning when the cells are still stabilizing after preparation (Figures 1 and 3) , typically causing even increase in the efficiency (Figure 3d ). The initial performance of the cells in Table 2 and Figure 3 has some difference due to the different composition in the electrolyte. We and also others have in fact expected Ti based cells to be stable. 15 This is because the Ti metal foil is covered naturally with oxidized titanium and titanium oxides such as TiO2 have proven to be a stable option for the porous photoelectrode. Figure 4 , in which negative voltages represent the normal operating voltages. The substrates were thermally treated and dyed in order to mimic the effect of the photoelectrode substrate in complete cells. The FTO substrates had the highest leakage current and the different StS types had a slightly smaller compared to FTO (Figure 4) . The smallest leakage current was from the Ti substrates, which was to be expected since titanium oxide layers are commonly used as blocking layers to prevent current leakage 8, 9, 16 and Ti substrates are inherently covered with Ti oxides. Interestingly, the largest difference between the Ti substrates and the other studied substrates is in the reverse bias, i.e. positive voltages (Figure 4) . The substrate mediated current leakage typically affects VOC, 9 and indeed high VOC values were measured with Ti and Inconel (Table 2) which had the smallest leakage current (Figure 4) . According to the literature, the small leakage current from these substrates should play even more important role at low light intensities. 8, 9, 17 The differences in the photovoltaic performance between different StS types ( Table 2) are not linked to current leakage from the substrate since the i-V curves of the substrates was in practice similar (Figure 4) .
Current leakage via substrate. Leakage current from the different substrates to the electrolyte is represented in
Electrochemical Impedance Spectroscopy.
A commonly used equivalent circuit model 8, 13, 18, 19 ( Figure 5 ) was used in the fitting of the EIS data, example data are presented in Figure 6 . The complete dye solar cell equivalent circuit model is dominated by different components at different voltages. 6, 8, 18 In this publication we use the same circuits that we employed in our previous publication. 8 In the circuit, constant phase elements (CPE) are and their impedance of a constant phase element ZCPE is determined by the pre-factor Q and the exponent β as follows:
where ω is the angular frequency and j is the imaginary unit. Factor β takes into account the porosity and unevenness of a realistic electrode surface which results in dispersion in the related R and C values.
The dispersion of the values shows as flattening of the semi-circle in Nyquist plots such as in Figure 6a .
In the voltage range 0 --0.4 V, the charge transfer resistance either at the substrate/electrolyte interface RSU or at the TiO2/electrolyte interface RCT is governing the response and only one semi-circle can be detected. From -0.5 V to -0.7 V, two separate semicircles was seen (Figure 6a ): the one at lower frequencies relates to photoelectrode and the one at high frequencies typically represents the counter electrode. However, occasionally at the high frequencies the effect of the charge transfer resistance between the TiO2 layer and the photoelectrode substrate RCO is overlapping change transfer resistance at 11 the counter electrode RCE. 8, 20 Indeed, such an effect could also be seen here in the case of Inconel PE substrate as discussed in detail in section 3.6.
The photoelectrode charge transfer resistance in the initial state.
RLF and CLF mark for the EIS component detected in low frequencies, which depending on the voltage, is caused mainly either by RSU -CPESU or by RCT -CPECT pair ( Figure 5 ).
8,18
The largest recombination resistance was obtained with Ti substrates (Figure 7a ). This was to be expected since the effect of the substrate dominates in the small negative voltages (smaller than -0.4 V) 12, 18 and Ti substrates had smallest current leakage in the substrate analysis ( Figure 4 ). As noted also before for StS 304 compared to FTO, 5, 6 the DSCs with StS PE have lower recombination resistance compared to Ti, Inconel, and FTO glass (Figure 7a ) even though the current leakage from the substrate was measured to be smaller or the same as from glass substrates ( Figure 4 ). Hence, it might be that the small initial value RLF of differences of RLF and CLF (Figure 7 )in the StS based cells are already in the initial state are arising from the instability rather than from steady characteristic as the degradation is very rapid. In our previous study, we noted that the RLF of cells with StS 304 PE decreases over time, 5 which supports the idea that instability may have affected the performance already in the initial state.
Charge transfer resistance at the high frequency in initial state.
In this section, we study the semi-circle at the high frequency ( Figure 6 ). In our previous publication we did not detect any changes in RCE of StS 304 based cells and furthermore changes in RCE would not anyway explain the degradation seen in the case of StS based cells as the primarily effect would not be on iSC but on FF.
5
Thus the focus of this section is in understanding the performance differences in the initial state. Namely, the main issue is to determine whether it is caused solely by RCE or also by RCO. In the analysis, we use the same approach as in our previous publication. 8 The method is based on the fact that quantitative analysis of the electrodes can be reached by analyzing the data as a function of external current. 6, 8 Using this easy approach, we avoid application of reference electrodes into the cells which is challenging as the cells are only 20 μm thick.
The width of the semi-circle at the high frequencies RHF for different cell types is shown in Figure 8 .
Most of the cells gave similar RHF. The glass cells are similar to those used in our previous study 8 where it was confirmed that the response was caused by RCE. Hence, for most of cells RHF can be attributed to RCE since there is not significant deviation from the RHF values of the glass cells.
The cells with Inconel PE substrate make an exception to this trend as RHF in their case was much higher than in the other cells showing only RCE. The deviation of the RHF from RCE is apparently caused by RCO in Inconel cells. This is because the cells were similar apart from the photoelectrode substrate and the dependence of RHF on the substrate suggests that it is linked to an interfacial resistance of the substrate leaving RCO as the suiting component. Similar effect has been detected with other substrates also previously. 8, 20 In addition, the semi-circle corresponding to RHF in Inconel cells was quite flat (Figure 6a ) with the factor β being 0.65 -0.7 which suits well for the case of two semi-circles overlapping each other but having slight difference in the related time constants. In the other high frequency semicircles β was ~0.9 which is typical for a single interface.
The oxide layers covering the different metals are different which may cause the difference in the resistance between the PE substrate and the TiO2 layer. Inconel metals have particularly thick passivating oxide layers, which could explain why there would have been significant RCO. The presence of significant RCO is the most likely cause for the low fill factor (Table 2 ) of the Inconel based cells.
Conclusions
The aim of this study was to examine the stability of different metals as photoelectrode substrates in dye solar cells. It was detected that all the cells with photoelectrodes deposited on different types of stainless steels degraded in a matter of hours under illumination. On the contrary, Inconel and titanium based DSCs demonstrated good stability in the 1 month long light soaking test.
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The mechanisms of the rapid degradation of stainless steel based DSCs remained still unclear. Further confirmation was, however, found that the stainless steel photoelectrodes do not according to SEM and FT-IR analyses suffer from corrosion. This point was even further clarified as the use of stainless steel qualities which are less prone to corrosion did not slow down the aging. The stability of Ti substrates was expected as Ti metal is covered with titanium oxide layer (cf. TiO2 photoelectrodes are stable).
Inconel metal on the other hand is covered with thick passivating oxide layer which is likely related to its good stability.
In the case of Inconel there were additional resistances detected in EIS analysis lowering the fill factor which were apparently caused by the protective passive layer. This is because the resistance was caused by an interfacial resistance between the TiO2 layer and the substrate. With Ti foils such resistances were not detected and furthermore they have low leakage current which is an important feature especially in low light intensity conditions. However, the problem with both titanium and
Inconel is their high cost. Therefore, it might be beneficial to coat some cheaper metal with these more stable metals. Rs is the ohmic series resistance caused by sheet resistance of the substrates, current collector contacts etc. CPESU and RSU are the CPE and charge transfer resistance at the PE substrate/electrolyte interface. CPECO and RCO are the CPE and charge transfer resistance between the PE substrate and the porous TiO2. Rt (= rtd) is the electron transport resistance and d is the thickness of the layer. CPECT (= cpeCT/d) and RCT (= rCT/d) are the CPE and the charge transfer resistance at the TiO2/electrolyte interface. Zd is the mass transfer impedance at the counter electrode due to ionic diffusion in the electrolyte. CPECE and RCE are the CPE and charge transfer resistance at the counter electrode/electrolyte interface. Figure 6 . 
